We report on an optical implementation of the teleportation protocol in the classical realm, solely based on entanglement between spatial and modal degrees of freedom of a purely classical light field.
Quantum teleportation is considered to be a fundamental building block for quantum communication and computation architectures. An essential ingredient for teleportation is entanglement which is considered one of the most astonishing phenomenon in quantum mechanics and it has only been related to the quantum world. Very recently however, it became clear that the underlying algebraic structure giving rise to entanglement can indeed be reproduced in the classical domain [1] [2] [3] . To this end, we propose and experimentally demonstrate a photonic setting in which classical entanglement can be harnessed to teleport information between the spatial and modal degrees of freedom of a purely classical light field.
Teleportation involves at least three degrees of freedom labelled as A,B and C. Whereas an entangled Bell state is between A and B, the information one desires to transmit is contained in C. For the quantum case these degree of freedom are represented by qubits, while in the classical case they are called cebits [4] . The teleportation protocol is done by the application of a controlled-NOT (C-NOT) operation with respect to cebits A and C, followed by a Hadamard operation and finally a projection onto a Bell state [5] . In Dirac notation the input state can be written as
where α, β are complex and |α| 2 + |β | 2 = 1 and |Φ + AB represents a classically entangled Bell state. After the C-NOT and Hadamard operation we get
In order to retrieve the information encoded in cebit C the output state |Ψ out is projected onto one of the four basis states spanning the joint Hilbert space of the entanglement between cebits A and C. To implement this protocol we use the experimental setup shown in Fig. 1 . The entanglement between cebits A and B will be a classically entangled beam with radial polarization generated when light from a 594 nm He-Ne laser is sent to a rotating polarization wave plate (RPWP) fabricated using a femtosecond laser writing technique [6] . So after the RPWP we have |Ψ + AB = [ψ 10 (x, y)x + ψ 01 (x, y)ŷ]/ √ 2 where ψ 10 and ψ 01 are the first-order Hermite-Gaussian solutions of the paraxial equation andx,ŷ denote the horizontal and vertical polarization eigenstates, respectively. To implement the third cebit C, we use a 50/50 beam splitter (BS1 in Fig. 1(a) ) to create two identical copies of |Ψ + AB which then propagates along two different paths, upper |0 C and lower |1 C . To encode the initial information in the cebit C, two density filters F α and F β are placed at each output of the beam splitter. Then the CNOT operation is applied by two Sagnac interferometers with a polarizing beam splitter and one half-wave plate (HWP). The two parts of the beam are recombined through a second beam splitter (BS2), which corresponds a Hadamard operation. In this point the output state |ψ out corresponds to the two outputs channels of BS2. If we consider the first term in Eq. (1) written in terms of optical modes where u means upper path |0 C . So if we project the output state onto the state |00 CA we can retrieve the initial information now encoded in cebit B. It is sufficient to take thex polarization that in our setup is realized by placing a polarizer (PBS3) at the output of BS2. In order to retrieve the information encoded in the spatial cebit B, we use two approaches. In the first one we look the intensity distribution acquired by CCD camera Cam 2. If the intensity profile look like a Hermite-Gaussian mode rotated by an angle θ with respect to the y-axis (see inset in Fig. 1(c) ) we can retrieve the information α and β by using the relation |β /α| = cot θ . The second one is done by a full modal decomposition technique. We use the so-called correlation filter method technique [7] which consists of a computer generated hologram (CGH) a lens and CCD camera Cam 1(see Fig. 1(d) ). Our experimental results shown in Fig 1(c) and (d) show very good agreement with theory (red lines).
In conclusion, we have extended the concept of teleportation to the classical realm by implementing a photonic setting in which classical entanglement allows to teleport information between path and spatial degrees of freedom of a purely classical light field.
